To select appropriate combinations of antifriction and wear-resistant materials for key tribopairs in seawater hydraulic valves, the tribocorrosion behavior of six kinds of corrosion-resistant alloys sliding against a carbon fiber/polytetrafluoroethylene/graphite (CF/PTFE/graphite)-filled polyetheretherketone (CF-PEEK) composite under artificial seawater lubrication was comparatively investigated by using a pin-on-disk friction tester and electrochemical workstation. The results show that AISI 316, AISI 630 and chromium-plated Ti6Al4V exhibit better tribological behavior than Ti6Al4V and nitrided Ti6Al4V under dry friction, distilled water and artificial seawater conditions. Besides, Ti6Al4V exhibits better corrosion resistance than other corrosion-resistant alloys in both static corrosion and tribocorrosion conditions, and the chromium plating process significantly accelerates the Ti6Al4V corrosion rate in seawater. Moreover, the corrosion-induced wear is higher than the wear-induced corrosion. In addition, the contribution of corrosion-induced wear to synergetic weight loss is more than 85% for all the alloys under tribocorrosion in seawater. Consequently, material combinations of AISI 630/CF-PEEK and AISI 316/CF-PEEK could preferentially be used in seawater hydraulic valves.
INTRODUCTION
Seawater hydraulic transmission has inherent advantages when applied in ocean development equipment because of its environmental friendliness, seawater pressure self-compensation, low operating cost, easy disposal of working media, simplicity of system composition and cleanliness [1] [2] [3] . Seawater hydraulic valve is a critical control element of seawater hydraulic systems. Due to the low viscosity, poor lubrication and strong corrosiveness of seawater, there are some technical problems, such as internal leakage and tribocorrosion wear failure, in the development of seawater hydraulic valves [4, 5] . As a result, the tribocorrosion properties of key tribopairs in seawater hydraulic valves are crucial to guarantee the performance and reliability of the valves. Therefore, the selection of appropriate material combinations that can improve the tribological and anticorrosive performance of the key tribopairs in seawater hydraulic valves, especially the spool-valve/seat pair, is a rather difficult problem.
Fortunately, the combination of engineering plastics and corrosion-resistant alloys has been reported as appropriate for the spool-valve/seat tribopair in seawater hydraulic valves [6, 7] , and significant efforts have been reported regarding the tribological behavior of such combinations. The tribological characteristics of polytetrafluoroethylene (PTFE) sliding with GCr15 steel under air, distilled water, seawater and NaCl solution lubrication were comparatively studied [8] . It was concluded that the deposition of CaCO3 and Mg(OH)2 layers could significantly reduce the wear rate and friction coefficients of the tribopair can be obtained in seawater because of the deposition of CaCO3 and Mg(OH)2 layers. Among various engineering plastics, polyetheretherketone (PEEK) has excellent wear-resistance and tribological characteristics in water. Therefore, the tribological performance of PEEK sliding on AISI 630 stainless steel has been comprehensively investigated [9] [10] [11] [12] . It was found that the carbon fiber (CF)-PEEK/AISI 630 stainless steel tribopair has good tribological performance in seawater.
Several attempts have been made to reveal the tribocorrosion behavior of corrosion-resistant alloys in seawater [13] . Chen [14] researched the tribocorrosion performance of Monel K500 and Ti6Al4V alloys sliding with AISI 316 stainless steel lubricated with water, and found that the friction coefficients were smaller under seawater lubrication than distilled water lubrication and that mechanical wear could damage the passive film and accelerate the corrosion rate. In addition, the static corrosion and tribocorrosion characteristics of AISI 316, Ti6Al4V and Monel K500 sliding on Al2O3 lubricated with artificial seawater has been investigated [15, 16] . It was concluded that the alloy wear loss was significantly increased by corrosion and that AISI 316 was less resistant to sliding damage than Ti6Al4V alloy. Zhang [17] investigated the tribocorrosion performance of the alumina/S31254 steel tribopair lubricated with seawater by using a triboelectrochemical technique and demonstrated that the positive synergy between wear and corrosion increased with the increase of applied potential lubricated with seawater.
In addition, there are some reports on the tribocorrosion performance of stainless steel with hardmetal coating lubricated with seawater. Shan [18] investigated the tribocorrosion performance of AISI 316L and AISI 316L with CrN coating sliding against Si3N4 lubricated with seawater. The static corrosion and the contribution of wear-induced corrosion increased with increasing potential. Zhou [19] researched the tribological properties of 316L stainless steel with different CrN-based coatings and found that the tribocorrosion performance of CrBCN coatings was better than that of CrCN coatings.
Although many researches has been conducted to investigate the tribological behavior of engineering plastics and stainless steel and the tribocorrosion behavior of corrosion-resistant alloys and hardmetal-coated stainless steel in seawater, the tribocorrosion behavior of corrosion-resistant alloys sliding against PEEK under seawater lubrication is still uncertain and remains to be further studied. It has been reported that tribopairs consisting of corrosion-resistant alloys and PEEK may be appropriately used in seawater hydraulic components. In addition, it has been found that PEEK contained 30 vol.% CF/PTFE/graphite may be an ideal polymer for seawater hydraulic applications [10] [11] [12] . Therefore, six kinds of corrosion-resistant alloys (AISI 316, AISI 630, QAl9-4, Ti6Al4V, chromium-plated Ti6Al4V (C-Ti6Al4V) and nitrided Ti6Al4V (N-Ti6Al4V)) were prepared, and their tribocorrosion behavior against 30 vol.% CF/PTFE/graphite-filled PEEK was comparatively investigated; the optimal material combinations of PEEK with corrosion-resistant alloys for seawater hydraulic valve applications were then chosen.
EXPERIMENTS

Test rig
Tribocorrosion experiments were performed in a rotational friction tester (UMT TriboLab, Bruker) in pin-on-disk mode (as shown in Figure 1 ). A two-dimensional force sensor (up to 200 N load) was used to obtain the sliding and frictional data of the tribopair. During the test, the upper specimen was static while the bottom specimen was rotated by a servo motor, and the servo motor speed was controlled by a controller. The friction of the tribopair was detected by a force sensor in the data acquisition system. working electrode, CE: counter electrode.
As illustrated in Figure 1 , the electrochemical test module included three electrodes and was part of an improved tribological tribometer connected to a CS350 electrochemical workstation. During the test, the electrochemical workstation was employed to obtain the potentiodynamic polarization curves of corrosion-resistant alloys before and after tribological testing and to measure the open potentials. The potentiodynamic and potentiostatic were measured by the platinum counter electrode and saturated calomel reference electrode (SCE). The electrical conductivity of the upper specimen (PEEK) could be neglected, and the liquid holder was made of polytetrafluoroethylene (PTFE).
Specimens and lubricants
The upper pin, with dimensions of 6.35 mm25.3 mm, was made of CF-PEEK contained 30% volume fraction CF and formed through a hot-pressing, sintering and molding technology. The main mechanical characteristics of the CF-PEEK composite are shown in Table 1 . 
The lower disks, with dimensions of 69 mm6.6 mm, were made of AISI 316, AISI 630, QAl9-4, Ti6Al4V, C-Ti6Al4V and N-Ti6Al4V. The major physical performance parameters of these corrosion-resistant alloys are listed in Table 2 . The contact surface roughness Ra of the specimens, prepared by grinding and diamond antiscuffing paste polishing, was approximately 0.1 μm. A TK-5C surface profiler was used to measure the contact surface roughness of the specimens. In addition, the specimens were submerged in tap water for seven days before the test to avoid the effect of hydroscopicity on dimensional and weight during the experiment. In this study, the seawater was composed of tap water and artificial tropical marine crystal sea salt, according to the GB 17378.4-2007 standard. Before preparation, a large quantity of tap water was placed in the sun for seven days to allow sufficient chlorine volatilization, and the artificial sea salt was fully dissolved in the thus obtained tap water. The salinity and pH value of the artificial seawater were approximately 8.2 and 3.2%, respectively. The content of each element in the prepared seawater was very close to that in natural seawater, and the contents of the main chemical elements in the artificial seawater are shown in Table 3 .
Test methods
To study the tribocorrosion characteristics of several corrosion-resistant alloys sliding against CF-PEEK, a series of experiments were carried out: The total weight loss including contributions from abrasion, corrosion and the interaction between these two, is defined by
where Wt is the total tribocorrosion weight loss, Wcorr is the pure corrosion weight loss, Wwear is the pure abrasion weight loss, W is the synergetic weight loss between mechanical wear and corrosion, Wc is the wear-induced corrosion and Ww is the corrosion-induced wear.
In addition, the total abrasion-corrosion weight loss Wt can be expressed as (5) Before and after the test, all the specimens were cleaned ultrasonically with anhydrous alcohol, dried with hot air, and then weighed by an electronic balance (Ohaus CP214) with discretion of 0.1 mg to obtain the weight loss m. The wear rate Ws can be obtained as
where  is the specimen density, FN represents the normal load, and L is the total sliding distance. The mean friction coefficients were measured by the online data acquisition system throughout the whole test process. 
where I is the current in amperes, t is the time in seconds, n is the electron valence of the metal, F is Faraday's constant, and m is the metal atomic mass.
To investigate the tribological mechanism, the worn surface micrographs of the specimens were observed by 3D microscopy with the aid of a superwide depth of field microscope (VHX-5000).
RESULTS AND DISCUSSION
Friction and wear performance
The friction coefficients of several corrosion-resistant alloys sliding against the CF-PEEK composite in different environments are shown in Figure 2 . As illustrated in Figure 2(a) , when sliding in air, the friction coefficients of all the tribopairs initially increased, then gradually decreased and stabilized after the running-in process. A similar phenomenon has previously been reported [10] . As presented in Figure 2(b) , the CF-PEEK/Ti6Al4V and CF-PEEK/N-Ti6Al4V tribopairs did not operate steadily when sliding in distilled water. Nevertheless, the friction coefficients of AISI 630, AISI 316, QAl9-4 and C-Ti6Al4V rapidly stabilized after a short running-in process. Figure 2(c) shows that the friction coefficients of all the corrosion-resistant alloys decreased when sliding in artificial seawater.
As shown in Figure 3 , the average friction coefficients of the alloys in water lubrication are lower than those under dry friction conditions. This difference is because the adsorbed water molecules improved the lubrication effect of the tribopair. This result was consistent with the current literature [16, 17] . In addition, the average friction coefficients of the same alloys lubricated with distilled water are higher than those when lubricated with artificial seawater. This difference is because the active element Cl in seawater reacted with the alloys and then produced an easy-shear tribolayer on the lower disks [21] . Moreover, the ferric oxide, ferric sulfide and ferric chloride in the easy-shear tribolayer improved the lubrication performance of the tribopair. Thus, the average friction coefficients of the tribopairs decreased under artificial seawater lubrication. These results and analyses are consistent with Shan's research [18] . The wear rates of different alloys when sliding on CF-PEEK under different lubrication conditions are presented in Figure 4 . Figure 4 illustrates that the wear rate of AISI 316 is minimal in air and seawater. This minimal wear rate occurred because of the good corrosion resistance of AISI 316, which is consistent with the experimental results obtained by Obadele [22] . In particular, the lowest value was 1.0110 -7 mm 3 /N·m for AISI 630 in distilled water. In addition, the wear rates of Ti6Al4V and N-Ti6Al4V were quite large with distilled water lubrication and were much higher than those with dry sliding and seawater lubrication. However, the wear rate of C-Ti6Al4V was low, which was attributed to the increase in Ti6Al4V surface hardness caused by the chromium plating process. Consequently, AISI 630, AISI 316 and C-Ti6Al4V presented better tribological characteristics when sliding in air, distilled water and artificial seawater conditions. . The wear observed in these images occurred because the inadequate mechanical characteristics of the Ti6Al4V alloy make tribochemical and mechanical wear the dominant wear mechanisms [18] . Thus, the wear rates and friction coefficient of Ti6Al4V, C-Ti6Al4V and NTi6Al4V were higher than those of AISI 630 and AISI 316.
Static corrosion behavior
The static corrosion test was conducted to study corrosion behavior without any mechanical wear influence. To investigate the static corrosion behavior of the specimens, anodic polarization curves were measured under the sweep rate of 0.3 mV/s in artificial seawater. Scanning began after 20 min of immersion, starting at 200 mV below the corrosion potential and ending at a current density of at least 10 A/cm 2 [13] . Figure 6 and Table 4 show the obtained polarization curves under static corrosion. AISI 630, AISI 316 and QAl9-4 presented similar behavior, with close polarization potentials and polarization currents. The polarization potentials of Ti6Al4V and C-Ti6Al4V were relatively low, and N-Ti6Al4V clearly had the lowest polarization potential. In addition, it is clear from Figure 6 that the trend in polarization potential for the three kinds of Ti6Al4V, from high to low, was Ti6Al4V > C-Ti6Al4V > N-Ti6Al4V. More importantly, no passive regions of C-Ti6Al4V or NTi6Al4V were observed in Figure 6 . Therefore, the seawater corrosion resistance of C-Ti6Al4V and N-Ti6Al4V was less than that of the original Ti6Al4V. 
Wear-corrosion synergy
Tribocorrosion tests of different alloys in artificial seawater were conducted. Figure 7 shows the corrosion rates of different alloys under static corrosion and tribocorrosion conditions lubricated with seawater. Ti6Al4V showed the lowest corrosion rate under both static corrosion and tribocorrosion conditions. In addition, the maximum observed corrosion rate was that of C-Ti6Al4V and was approximately four orders of magnitude higher than that of the original Ti6Al4V. This trend is due to the passive oxide film on the C-Ti6Al4V surface being removed or damaged. Therefore, it can be concluded that the chromium plating process did not improve the corrosion-resistance of Ti6Al4V. Figure 8 shows the Tafel polarization curves of the six kinds of alloys, and Table 5 lists the corrosion potential Ecorr, the pitting potential Eb10 and the corrosion current density Ip. Figure 8 shows that the corrosion potentials of the alloys were all negative and the corrosion rate increased with increasing corrosion current density [23] . Moreover, AISI 316 resulted in the highest corrosion potential of -0.6 V. The lowest corrosion potential (-1.1815 V) was observed during the corrosion testing of Ti6Al4V. As shown in Table 5 , the Ip of Ti6Al4V was lower than those of the other alloys, and the Ip of C-Ti6Al4V was much higher than those of N-Ti6Al4V and the original Ti6Al4V. The trend in Ip for the six kinds of alloys, from high to low, was C-Ti6Al4V > QAl9-4 > AISI 316 > AISI 630 > NTi6Al4V > Ti6Al4V. Therefore, Ti6Al4V exhibited the maximum corrosion resistance among the six kinds of alloys. Based on the sliding wear, static corrosion and tribocorrosion tests, the proportions of mechanical wear and corrosion in material loss under lubrication with artificial seawater were also studied. As shown in Table 6 , Wc is obviously smaller than Ww for all alloys. The contribution of corrosion-induced wear to synergetic weight loss was more than 85% for all the alloys. This value is attributed to the difficulty of formation of passive oxide films in artificial seawater [24] . In addition, as CF-PEEK slides on the alloy surface, sliding wear and corrosion-induced wear increase the material loss in the tribocorrosion process. Therefore, the passive oxide film formed on the original alloy surface is easily destroyed, which is the main cause of material loss. This behavior agrees with other works [19, [23] [24] [25] [26] . Moreover, the ratio of Wc/W is negligibly small for Ti6Al4V and N-Ti6Al4V. The ratio of Wc/W for C-Ti6Al4V is approximately 14%, which indicates that the corrosion resistance of C-Ti6Al4V is relatively poor under tribocorrosion conditions in seawater. Figure 9 and Table 7 show the polarization curves of alloys sliding against CF-PEEK under static corrosion and tribocorrosion conditions. Figure 9 shows that the tribocorrosion potential is more negative than the pure corrosion potential for all the alloys, which indicates that mechanical sliding could reduce the alloy corrosion potential and increase the corrosion tendency. The current densities of AISI 630 and AISI 316 had almost the same magnitude. An obvious passive region can be seen in Figures 9(b) and 9(d), which indicates that AISI 316 and Ti6Al4V are very negative and have strong corrosion resistance when immersed in seawater [26] . In addition, when Ecorr was higher than 0.5 V, secondary passivity of AISI 316 was observed (Figure 9(b) ), and the current density in the secondary passive region increased. This secondary passivity occurred because the passive oxide film on AISI 316 was restructured at high potential [27] . Table 7 
CONCLUSIONS
The tribological and corrosive behavior of several corrosion-resistant alloys (AISI 316, AISI 630, QAl9-4, Ti6Al4V, C-Ti6Al4V and N-Ti6Al4V) sliding against CF-PEEK were investigated in artificial seawater. Based on the above results, the following important conclusions can be obtained:
1.
The friction coefficient of most alloys in distilled water and artificial seawater is lower than that in a dry friction environment. The rank of steady-state average friction coefficients was Ti6Al4V > N-Ti6Al4V > C-Ti6Al4V > AISI 630 > QAl9-4 >AISI 316. The tribological properties of Ti6Al4V and N-Ti6Al4V are the worst. However, AISI 630, AISI 316 and C-Ti6Al4V exhibit better tribological behavior under dry friction, distilled water and artificial seawater conditions.
2.
Wear-corrosion synergy is obvious in alloys sliding against CF-PEEK under tribocorrosion conditions lubricated with artificial seawater, and the corrosion-induced wear is higher than the wear-induced corrosion. The contribution of corrosion-induced wear to synergetic weight loss is more than 85% for all the alloys.
3.
The corrosion resistance of Ti6Al4V is higher under static corrosion and tribocorrosion conditions. However, the corrosion resistance of C-Ti6Al4V is poor under both static corrosion and tribocorrosion conditions. The chromium plating process accelerated the Ti6Al4V corrosion rate in seawater, which is not suitable for seawater hydraulic valves. Therefore, the material combinations of AISI 630/CF-PEEK and AISI 316/CF-PEEK could preferentially be used in seawater hydraulic valves.
